A new homogeneous heteropolysaccharide (CMSPA90-1) was purified from bergamot by DEAE sepharose fast flow and Sephadex G-75 columns, and was shown to have a molecular weight of 17.6 kDa. Its chemical structure was elucidated by acid hydrolysis and methylation analysis, along with high-performance anionexchange chromatography, Fourier transform infrared spectroscopy coupled with gas chromatographymass spectrometry, NMR spectroscopies, the Congo red test, and circular dichroism. CMSPA90-1 consisted of a pyranoside and funanside with branches containing a-and b-configurations simultaneously. Arabinose and glucose might form an arabinoglucan backbone. The ultrastructure of CMSPA90-1 was further characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The results of thermogravimetric analysis (TGA) revealed that CMSPA90-1 had good thermal stability. The results of DPPHc and ABTS + c radical scavenging assays indicated that CMSPA90-1 exhibited free-radical-scavenging properties. Otherwise, CMSPA90-1 could promote the proliferation of mouse splenocytes and the neutral red phagocytosis of RAW264.7 cells, which indicated that CMSPA90-1 could be researched and developed as one of the potential functional foods or natural medicines.
Introduction
Citrus medica L. var. sarcodactylis Swingle, widely known as the bergamot or bergamot orange, belongs to the Rutaceae family. Bergamot contains polysaccharides, alkaloids, saponins, avo-noids, limonene, phytosterols, glycosides, hesperidin, and other physiologically active substances, all of which have been used traditionally for the treatment of tracheitis, angiocardiopathy, hypertension, respiratory tract infections, and asthma. 1 Since the Lentinus edodes polysaccharide was rst found to have antitumor properties, 2 the extraction, purication, structural elucidation and bioactive assays of polysaccharides have received increased attention from researchers. Polysaccharides have a variety of physiological properties, such as antioxidant, antitumor, antiviral, and immunological properties. 3, 4 Many polysaccharides are ideal candidates for drug delivery and biomedical applications as they are easily obtained from natural sources.
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Few reports are available on the structural and biological properties of polysaccharides derived from bergamot. In the present study, a new polysaccharide, CMSPA90-1, was puried from the crude polysaccharide via DEAE sepharose fast ow and sephadex G-75 gel ltration chromatographies. Its structural elucidation was determined by monosaccharide analysis, infrared spectroscopy, methylation analyses, and 1D and 2D NMR spectroscopies. The advanced structure of the polysaccharide was preliminarily claried by Congo red test, circular dichroism spectroscopy (CD), thermogravimetry analysis (TGA), scanning electron microscopy (SEM), and atomic force microscopy (AFM). In addition, the bioactivities of CMSPA90-1 were investigated for the antioxidative properties against DPPHc and ABTS + c radicals as well as the effects on the proliferation of mouse splenocytes and the neutral red phagocytosis of RAW264.7 cells.
Chemical Reagent Company, China. Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT), trypan, concanavalin A (Con A), penicillin G, and streptomycin sulfate were obtained from Sigma Chemical Co. (St. Louis, MO, USA). RPMI 1640 medium and fetal bovine serum (FBS) were purchased from Gibco Invitrogen Corp. (San Diego, CA, USA). Other chemicals and reagents were of analytical grade.
Extraction, isolation, and purication of crude polysaccharides
Dried fruit pulps of bergamot were milled into powder. The dried powder (500 g) was pretreated with 95% ethanol (1 : 8, w/ v) twice for 3 h to remove the pigments, benzine, and other impurities. The residue was dried at 55 C for 6 h. Dried residues (260 g) were added to a solution of simulated gastric juice (9.5 L, pH 1.5), which was used to mimic the conditions of the stomach according to the ref. 6 . Simulated gastric juice con-
, and pepsin (0.53 g L À1 ).
Extraction was conducted for 3 h at 37 C, repeated twice. Aer centrifugation at 8000g for 15 min and concentration with a rotary evaporator at 70 C under vacuum, the mixture was obtained by ethanol precipitation at the nal concentration of 90% (v/v) ethanol at 4 C overnight. The precipitate was then deproteinized with Sevag reagent (chloroform/n-butanol at a ratio of 4 : 1, v/v), repeated four times. 7 And then, the solution was dialyzed against tap water for 48 h and distilled water for 24 h. The resulting polysaccharide solution was concentrated and lyophilized, and the crude polysaccharide (CMSPA90) was obtained.
CMSPA90 was dissolved in distilled water, ltered through a lter (0.45 mm), puried on DEAE sepharose fast ow anionexchange column (2.5 Â 40 cm), and eluted with distilled water and a linear gradient of NaCl from 0 to 0.8 M at a ow rate of 1.6 mL min À1 . The eluate (8 mL per tube) was collected, and carbohydrates were assayed by the phenol-sulfuric acid method. 8 A sharp peak was collected, dialyzed, and further puried by sephadex G-75 gel ltration column (1.5 Â 100 cm), eluting with distilled water. The ow rate was maintained at 0.3 mL min À1 . Consequently, a polysaccharide was obtained and
water), and was used in the subsequent studies on its structure and bioactivity.
Analyses of CMSPA90-1
The phenol-sulfuric acid colorimetric method was used to determine total sugar content. 9 The UV spectrum of CMSPA90-1 (100 mg mL À1 ) was determined by a UV-2401 spectrophotometer in the wavelength range of 200-350 nm. IR spectrum was recorded with a Perkin Elmer spectrophotometer with KBr pellets. The dried powder (1 mg) was mixed with KBr powder, pressed into pellets and analyzed in the wavelength range of 4000-400 cm À1 .
Homogeneity and average molecular weight
Homogeneity and molecular weight were determined by highperformance gel-permeation chromatography (HPGPC), with standard dextran performed on Waters HPLC system. CMSPA90-1 (2 mg mL À1 ) was detected by rst dissolving in KH 2 PO 4 (0.02 M), ltrating it through a 0.22 mM microporous ltering lm, and loading it to the columns, which were eluted with KH 2 PO 4 (0.02 M) at a ow rate of 0.6 mL min À1 . The elution volume of CMSPA90-1 was plotted and the molecular weight was measured.
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Monosaccharide composition analysis CMSPA90-1 (5 mg) was hydrolyzed with 10 mL of 2 M triuoroacetic acid (TFA) at 120 C in a sealed tube for 6 h. Excess TFA was removed by evaporation and co-distilled with methanol aer the hydrolysis was completed. The monosaccharide composition was measured by HPAEC-PAD. The hydrolysate was re-dissolved in 0.5 mL of distilled water and then ltered with a 0.45 mm lter. The resulting solution (20 mL) was injected on the Dionex ICS-2500 system for the ionic chromatography analysis by HPAEC-PAD, and eluted with a solution of water and 200 mM NaOH with a volume ratio of 92 : 8.
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Methylation analysis CMSPA90-1 was methylated several times according to the method described in ref. 12 . NaOH (500 mg) and CMSPA90-1 (10 mg) were fully dissolved in 10 mL of DMSO with an ultrasonic wave for 0.5 h. Methyl iodide (3 mL) was added for methylation for 1 h at room temperature. The reaction was kept in darkness for 8 h at 25 C and terminated by distilled water (3 mL). The methylated products were extracted with chloroform and evaporated. Disappearance of the O-H band (3200-3700 cm À1 ) in IR indicated that it is success for methylation.
The methylated products were hydrolyzed in 2 M TFA for 6 h, reduced with NaBH 4 (25 mg) at 40 C for 0.5 h, and then acetylated with acetic anhydride and pyridine at 100 C for 1 h. The alditol acetates were steamed by rotary evaporator and analyzed by gas chromatography-mass spectrometry (GC-MS).
Nuclear magnetic resonance spectroscopy
Dried CMSPA90-1 (50 mg) was dissolved in 0. 
Congo red test
The interaction of Congo red with CMSPA90-1 was analyzed according to the method with minor modications.
14 The solution of CMSPA90-1 (0.5 mg mL À1 ) was mixed with Congo red solution (50 mM) and 1 M NaOH. Aer placing the samples at room temperature for 15 min, the transition of the maximum absorption wavelength was measured in the region of 400-600 nm at various NaOH concentrations (0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 M) by a UV-2401 spectrophotometer.
Circular dichroism analysis
Circular dichroism (CD) spectrum was used to determine the conformational transitions of CMSPA90-1. To investigate the conformational changes of secondary structures, Congo red was added to the sample solution. 15 Data were recorded from 190 to 260 nm at 1 nm intervals at 25 C.
Thermal properties
The thermal properties of CMSPA90-1 were evaluated using a TGA/DSC simultaneous thermal analyzer (Germany) at a temperature range of 25-600 C at a heating rate of 10 C min À1 under N 2 atmosphere. CMSPA90-1 (5 mg) was weighed and placed in the equipment alumina crucible with an empty aluminum pan used as the reference.
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Scanning electron microscopy and atomic force microscopy Scanning electron microscope (SEM) images of CMSPA90-1 were observed by scanning electron microscopy (Philips XL-30). The powder samples were placed on a metal stub and then sputtered with gold powder under reduced pressure. 17 The samples were observed with 300-and 500-fold magnication at 5.0 kV acceleration voltage.
The ultrastructure of CMSPA90-1 was also observed by atomic force microscopy (AFM) (BioScope Catalyst Bruker, Billerica, MA). The sample was dissolved in pure water to a stock solution of 1 mg mL À1 and stirred for 4 h at room temperature.
The diluted solution (5 mL) was then dropped onto a freshly cleaved mica substrate and dried with air. 18 A tube-type piezoelectric scanner (5 Â 5 mm) and a Si 3 N 4 probe (Olympus, Japan) were employed, and images were obtained simultaneously with 256 Â 256 pixels at a scanning rate of 1.0 Hz per line.
Measurement of DPPHc radical-scavenging activity
DPPHc free radical has been widely used to evaluate the radicalscavenging ability of polysaccharides. 20 mL of CMSPA90-1 solutions (0-3.2 mg mL À1 ) were mixed with 180 mL of DPPH of ethanol solution (0.2 mM). The absorbance was measured at 517 nm. And then, the solution was shaken and maintained in the dark for 30 min. Vc was used as the positive control. The DPPHc free radical scavenging capability was calculated as follows:
where A 0 is the absorbance in the absence of the test sample and A 1 is the absorbance in the presence of the test sample.
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Measurement of ABTS + c radical-scavenging activity ABTS + c free radical scavenging activity was measured according to the method. 20 ABTS (0.2 mL, 7.4 mM) was added into 0.2 mL of K 2 S 2 O 8 (2.6 mM) in a centrifuge tube to generate ABTS + c. The reaction was kept in the dark for 12 h at room temperature. The mixture was then diluted with absolute ethanol to an absorbance value of 0.7 AE 0.02 at 734 nm. CMSPA90-1 solutions (40 mL) at different concentrations (0-3.2 mg mL À1 ) were added to 160 mL of ABTS + c reagent. Vc was used as the positive control.
The solutions were kept for 15 min at room temperature, and the absorbance was recorded at 517 nm. The ABTS + c free radical scavenging capability was calculated as follows:
where A 0 is the absorbance in the absence of the test sample and A is the absorbance in the presence of the test sample. 
Animals and cell line
and incubated for 1 h at room temperature. Each well was measured at A 540 nm by a multifunctional microplate reader.
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Statistical analysis
All data are presented as mean value AE standard deviation (SD) in triplicate. The soware SPSS 11.5 was used to perform statistical analysis with an independent T test. Differences were considered statistically signicant when P < 0.05 and P < 0.01.
Results and discussion
Isolation and purication of CMSPA90-1
Crude polysaccharide (CMSPA90) was obtained from dried bergamot with a yield of 0.51%. Aer separating and fractionating by DEAE sepharose fast ow column, a single peak (CMSPA90-S) was observed (Fig. 1A) . CMSPA90-S was further puried by a sephadex G-75 column (Fig. 1B) . Aer lyophilization, the total sugar content of CMSPA90-1 was measured at 97.77% AE 1.4% (w/w), and the absence of the absorption peak at 260-280 nm in the UV spectrum indicated that no proteins or nucleic acid were present in CMSPA90-1. 23 The uronic acid content was below the detection limit, indicating that CMSPA90-1 was a neutral polysaccharide. The average molecular weight of CMSPA90-1 was determined to be 17.6 kDa by the HPGPC system (Fig. 1C) . A single and symmetrical narrow peak in the prole indicated that CMSPA90-1 was a homogeneous polysaccharide. 
FT-IR spectral analysis of CMSPA90-1
Fourier transform infrared (FT-IR) spectrum of CMSPA90-1 revealed the major functional groups and chemical bonds ( Fig. 2A) . In the spectrum, the broad absorption at 3429, 2929, and 1633 cm 
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Monosaccharide composition of CMSPA90-1
Arabinose, galactose, glucose, and mannose were identied by HPAEC-PAD aer CMSPA90-1's acidic hydrolysation with the molar ratio of 72.15 : 1.00 : 17.78 : 4.44 (Fig. 2B) , indicating that CMSPA90-1 was a type of heteropolysaccharide.
Methylation and GC-MS analysis of CMSPA90-1
To obtain more information on the linkage sites and the corresponding percentage of monosaccharide, methylation analysis of CMSPA90-1 was conducted. GC-MS results showed ve methylated alditol acetates of sugar residues, including 1, (Table 1) .
NMR spectroscopy analysis
It was difficult to conrm the anomeric signals of CMSPA90-1 from 1 H (Fig. 3A) due to the overlap of most proton signals. In addition, some of the signals of anomeric carbon were too weak to distinguish from noise in 13 C NMR spectra (Fig. 3B) anomeric region of the HSQC spectrum of CMSPA90-1 (Fig. 3C) , revealing that there were ve sugar residues, with B and C being arabinose residues with different linkages (denoted as A, B, C, D, E, respectively). The results of methylation analysis indicated that /5)-L-Araf-(1/ was the most abundant residue. Meanwhile, the combination of the downeld shis of C-5 (76.37 ppm) and the two strong correlation peaks at 5.08/76.37 ppm and 4.07/106.92 ppm in the HMBC spectrum (Fig. 3D ) conrmed that residue B was the /5)-L-Araf-(1/. Accordingly, the methylation analysis data, the 1 H, 13 C, and 2D NMR techniques (HSQC and HMBC spectra), as well as data reported in the literature allowed the complete descriptions of residues A, B, C, D and E ( Table 2) . [25] [26] [27] [28] In addition, the linkage sites and sequence among the sugar residues were also analyzed according to the HMBC spectrum (Fig. 3D) . The strong signal at 5.08/76.37 ppm (B H1/B C5) showed that C-5 of residue B was linked to O-1, also of residue B. The strong correlation peak at 4.07/106.92 ppm (B H5/B C1) suggested that C-1 of residue B was linked to O-5 of residue B. Meanwhile, the methylation and GC-MS results revealed that (1/5)-linked arabinose accounted for 53.94% of the total sugar residues. Thus, the presence of a repetitive unit of (1/5)-linked arabinose was conrmed. Fig. 4 Changes in maximal absorption wavelength of mixture for Congo red and CMSPA90-1 at various concentrations of NaOH (A); CD spectra of CMSPW90-1 (B). 
Congo red test
The triple-helical conformation of polysaccharides could be determined by the Congo red test. The complex maximum absorption wavelength (l max ) changed with alkali concentrations ranging from 0 to 0.6 M (Fig. 4A) . The maximum absorption wavelengths of Congo red + CMSPA90-1 had a red shi. However, the red shis of the max of the samples were not observed at all alkali concentrations. Therefore, it could be concluded that the triple-helical structure did not exist in the solution of CMSPA90-1.
CD spectroscopy
CD spectroscopy could be used to investigate the conformation of polysaccharides in solution. 29 The CD spectrum of CMSPA90-1 + Congo red was compared with that of CMSPA90-1 + water at the range from 190 nm to 260 nm. No distinct characteristics of sharply alternating positive and negative Cotton effects were observed aer Congo red was added (Fig. 4B) , suggesting that no triple helix structure were present in CMSPA90-1,which was consistent with the Congo red test previously performed.
Thermal characteristics
Thermogravimetry analysis (TGA) and differential scanning calorimetry (DSC) were simple and accurate to use for evaluating thermal stability of CMSPA90-1. 30 The rst mass loss change in the TGA curve was observed at a temperature of 57.5 C (Fig. 5A) , which was attributed to moisture evaporation of CMSPA90-1. The second mass loss change at a temperature of 313.4 C might be attributed to the thermal decomposition of polysaccharides. 31 At the end, ash was found to be 21.4% for CMSPA90-1. C. The TG curve presented a rapid weight loss (63.7%). In the third stage, the DSC curve rose rst, and then decreased between 310.3 and 600 C. It resulted in a slow mass loss (6.1%) that was probably due to the breakage of the depolymerized fragments. 32 Overall, these results suggested that CMSPA90-1 could be suitable for applications in thermal processing conditions.
Ultrastructures of CMSPA90-1
The SEM of CMSPA90-1 revealed that it had a rough surface with randomly distributed individual spherical particles (Fig. 6A and  B) . The tight conguration of CMSPA90-1 reected strong interactions between the highly branched polysaccharide chains.
33 Fig. 6C presented 2D pictures and Fig. 6D provided 3D AFM images of CMSPA90-1. The 2D pictures showed that there were a large number of globular aggregates, indicating the polysaccharide chains were closely twisted together. The 3D pictures showed spherical lumps with diameters ranging from 200 to 300 nm and heights ranging from 16.0 to 20.0 nm. The presence of many spherical and uneven lumps suggested the structures of CMSPA90-1 were branched and entangled, consistent with previous results.
Scavenging activity of CMSPA90-1 against DPPHc radicals
DPPHc is a stable and commercially available organic nitrogen radical to evaluate anti-oxidative ability of polysaccharides in vitro. The alcoholic solution of DPPH has a UV-vis absorption maximum at 517 nm.
34 CMSPA90-1 and Vc were able to scavenge DPPHc radicals to different degrees in a dose-dependent manner when the concentration ranged from 0.05 to 3.2 mg mL À1 (Fig. 7A) . The highest DPPHc radical scavenging rate of CMSPA90-1 was 52.50% (3.2 mg mL À1 ). 
ABTS
+ c radical-scavenging properties of CMSPA90-1
The ABTS + c free radical could be used to determine the free radical scavenging capacity of various compounds. 35 The highest scavenging ratio of ABTS + c radicals of CMSPA90-1 (48.74%) was observed at 3.2 mg mL À1 (Fig. 7B) . From the gure, the scavenging ability of CMSPA90-1 on ABTS + c radicals was concentration-dependent, which was consistent with ref. 36 .
Immunoregulatory effects of CMSPA90-1
Immunoregulation is one of the basic functions of polysaccharides. The spleen is used for research on antibacterial and antifungal immunization because it combines the innate and adaptive immune system in a uniquely organized way. 37 To evaluate the immunoregulatory activity of CMSPA90-1, the effect on lymphocyte proliferation was investigated in murine spleen cells. The result showed that CMSPA90-1 could promote the proliferation of spleen cells in a certain concentration range, and also in a concentration-dependent manner (Fig. 8A) .
The rst step in an immune response is the phagocytosis of macrophages, and enhanced phagocytic activity indicates the activation of macrophages. 38 We used the neutral red uptake method to measure the phagocytic ability of RAW264.7 cells. LPS was used as the positive group. CMSPA90-1 observably promoted phagocytosis activation of RAW264.7 cells to uptake neutral red within a certain concentration range (Fig. 8B) . These results demonstrated that CMSPA90-1 could resist foreign invasion and improve organism's immune function.
Conclusion
In this study, CMSPA90-1, a new heteropolysaccharide with good thermal stability, was isolated and puried from bergamot. It was composed of D-Galp-(1/, /6)-D-Glcp-(1/, /5)-L-Araf-(1/, /3)-L-Araf-(1/ and /3,6)-D-Manp-(1/, and had a relative molecular weight of 17.6 kDa. In addition, CMSPA90-1 exhibited a reunion spherical structure with two branches. Otherwise, CMSPA90-1 had no triple helix structure. More interestingly, CMSPA90-1 exhibited DPPHc and ABTS + c radical scavenging activities and immunoregulatory activities in a certain concentration range. These data could have useful applications in both the health care and pharmaceutical industries for bergamot.
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